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INTRODUCTION
============

ClC channels conduct chloride (Cl^−^) ions across membranes of various cells, and thus play important roles in various physiological processes such as maintenance of membrane potential, control of intracellular pH, and perhaps regulation of cell volume ([@bib19], [@bib20]; [@bib31]; [@bib18]). ClC-0, which is present in the *Torpedo* electric organ, is the first cloned member of this channel family ([@bib21]; [@bib37]). In comparison with the other ClC channels, this *Torpedo* Cl^−^ channel is relatively well characterized in its functional behaviors (for reviews of the molecular operations of ClC-0 see [@bib35]; [@bib31]). Previous studies have revealed an interesting property related to the ion permeation in the ClC-0 pore: the channel\'s conductance is regulated by the side-chain charge of residue 519 ([@bib33]). When the wild-type (WT)[\*](#fn1){ref-type="fn"} lysine residue (K519) is replaced with a neutral or a negatively charged residue, the pore conductance is decreased. Because the alteration of the pore conductance concurs more with the charge instead of the size or the shape of the side chain, the regulation was thought to be a through-space electrostatic effect, and thus K519 was suggested to be located within a Debye length from the internal pore entrance of ClC-0 ([@bib33]).

The location of K519 near or in the pore mouth is supported by the recently solved high-resolution crystal structures of bacterial ClC channels ([@bib8]). The structure of the bacterial ClC channels revealed positively charged amino acids that might help funnel Cl^−^ ions into the pore entryways. These basic residues include R147 and R451, which are located at the proposed extracellular and intracellular pore vestibules of the channel, respectively. From a functional viewpoint, R451 of the bacterial ClC channels would correspond to K519 of ClC-0. However, sequence alignment indicates that R451 and T452 of the bacterial channels correspond to I518 and K519 of ClC-0, respectively ([@bib8]). Clarifying this ambiguous sequence alignment is important because the position of a charge in the pore region could be critical for the conductance determinants of an ion channel.

Furthermore, since the exact functional roles of charged residues in the pore of ClC channels are still murky, exploring how K519 of ClC-0 controls the pore conductance is imperative. Electrostatic regulation of ion permeation (and thus channel conductance) has been observed in many other channels. [@bib17]([@bib16]) suggested that rings of negatively charged amino acids near the pore mouth of the nicotinic acetylcholine (ACh) receptor channel might serve to raise the local cation concentration and thus increase the channel conductance. Later experiments, however, suggested that this effect in the ACh receptor channel was not consistent with a surface charge mechanism ([@bib38]; [@bib23]). On the other hand, a surface charge effect was demonstrated in the large-conductance Ca^2+^-activated K^+^ channel ([@bib29]; [@bib30]). For anion channels, the glycine receptor channel contains positively charged residues in the pore region that may help the permeation of anions across the channel pore ([@bib22]). These basic residues in the pore of the glycine receptor channel most likely exert their influence on the ion-binding sites important for Cl^−^ permeation.

The presence of a charge in the pore, however, creates a paradox for ion permeation. On the one hand, the charge may attract a "cloud" of counter-charged ions to the pore and favor a high conductance. On the other hand, the charge of the side chain may also increase the binding affinity for the counter-charged ion, and thus generate a deep energy well in the ion permeation process that reduces the ion flux through the pore. The most recent crystal structure of the *E. coli* ClC channel at 2.5-Å resolution ([@bib9]) reveals three Cl^−^-binding sites in the presumably "open" pore: one at the previously identified Cl^−^ selectivity filter (the central site, S~cen~) ([@bib8]), and two other binding sites each respectively located at the external (S~ext~) and internal (S~int~) side of S~cen~. Could the electrostatic force from the K519 side chain affect Cl^−^ binding to any of these three binding sites, or does the positive charge from K519 merely generate a surface charge effect? We studied these questions by exploring the functional roles of amino acid residues in the inner pore region under the guidance of the bacterial ClC channel structures. The positions where charge alterations were made in the present study included K519, E127, and I515. In addition, effects of mutating two key residues at the Cl^−^ selectivity filter, S123 and Y512, were also examined. The locations of the corresponding residues in the bacterial ClC channel together with the two Cl^−^ ions at S~cen~ and S~int~ are shown in [Fig. 1](#fig1){ref-type="fig"} . These residues surround the Cl^−^-binding sites, and therefore are likely to contribute to the conductance determinants in the pore of ClC-0, which a Cl^−^ ion would encounter in its journey from the internal pore mouth to the ion selectivity filter. The results show that the charge effect from K519 on channel conductance is not consistent with a simple surface charge mechanism. In addition, the negatively charged residue E127, which is located at a position close to K519, plays an even more critical role in controlling the pore conductance of ClC-0. The different mutation effects for residues along the ion permeation pathway are consistent with ClC-0 also having multiple ion-binding sites in the pore, with charged residues at the inner pore mouth controlling the conductance of ClC-0 by affecting the Cl^−^ occupancy at S~int~.

###### 

Positions of the mutated pore residues of ClC channels. Side views of the *E. coli* ClC channel. Extracellular side is on top. Structural coordinates are taken from Protein Data Bank (code 1OTS) with the cocrystallized antibody molecules removed. (A) Residues of the bacterial ClC channel that correspond to those of ClC-0 examined in the present study. The color codes are (ClC-0 numbers in parentheses): blue, T452 (K519); red, E111 (E127); purple, I448 (I515); yellow, S107 (S123); orange, Y445 (Y512). Cl^−^ ions at S~cen~ and S~int~ are shown in green. Arrows indicate the intracellular pore entrances. (B) Stereo view of the mutated residues in the pore. Only those residues in the left subunit in A are shown. The residues (same color codes as in A) are represented by sticks to show the relations of their side chains with the two Cl^−^ ions in the pore. Thin faint ribbons represent helices D and R, on which these residues are located.
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MATERIALS AND METHODS
=====================

Site-directed Mutagenesis and Channel Expression
------------------------------------------------

The WT *Torpedo* ClC-0 channel and an inactivation-suppressed mutant C212S ([@bib26]) both contain a lysine residue at position 519. The fast-gating and permeation properties of these two channels were not distinguishable ([@bib26]; [@bib39]), and therefore they were considered together as the WT channel containing a positive charge at the position 519. Various mutants at position 519 were a gift from Dr. Chris Miller. The mutations were initially constructed in the pcDNA3 vector (Invitrogen) with several silent mutations incorporated in the sequence of the original WT cDNA to create unique restriction enzyme cutting sites. The WT channels expressed from this "synthetic" plasmid in HEK293 cells ([@bib33]) or in *Xenopus* oocytes (unpublished data) show the same properties as those of the genuine WT channels. Various mutations at the position 519 that were studied include K519R, K519C, K519H, K519M, K519E, and K519D. The other mutants include the mutations of E127, I515, I518, S123, and Y512. The cDNAs of these mutants were all constructed in the pBluescript vector (Stratagene). To make RNA, the plasmids were linearized by restriction enzyme ScaI (New England Biolabs, Inc.). Capped RNAs were synthesized with T3 polymerase using a mMessage mMachine kit (Ambion). *Xenopus* oocytes were prepared and injected with RNAs as described previously ([@bib5]).

Electrophysiological Recordings, Solution Exchange, and MTS Modifications
-------------------------------------------------------------------------

Whole oocyte recordings using standard two-electrode voltage clamp techniques similar to those described before ([@bib5]; [@bib26]; [@bib4]) were performed to estimate the expression level of the channels suitable for single-channel studies. The single-channel recordings were performed using excised inside-out patch configurations ([@bib14]). The recording pipettes were pulled from borosillicate glass capillaries (World Precision Instruments) using PP-830 puller (Narashige), and when filled with the external solution, had resistance of 3--6 MΩ. In all experiments, the pipette (external) solution contained (in mM): 110 NMDG-Cl, 5 MgCl~2~, 1 CaCl~2~, 5 HEPES, pH 7.5. The standard bath (internal) solution in which a high GΩ seal was achieved contained (in mM): 110 NaCl, 5 MgCl~2~, 1 EGTA, 5 HEPES, pH 7.5. The pHs of the internal and external solutions were titrated with NaOH and NMDG, respectively. In most recordings, the current was filtered at 200 Hz (3dB, 4 pole Bessel) and was digitized by an acquisition board (model DAP 820; Microstar Laboratories, Inc.) at 1 kHz with homemade software ([@bib6]; [@bib26]; [@bib24]; [@bib4]). For I515K mutant, the gating of the channel is fast. Therefore, we filtered and digitized the current at 0.5 and 2.5 kHz, respectively.

The solution exchange was achieved using SF-77 solution exchange system (Warner Instruments, Inc.). After obtaining the excised inside-out patch configuration, the patch was brought very close to the outflow of solution perfusion pipes. The motor of the SF-77 solution exchange system was controlled by an analogue signal delivered from the DAP board, and the solution exchange was usually completed within ∼20--50 ms. Except where indicated, the various internal solutions contained (in mM): (X-10) NaCl, 5 MgCl~2~, 1 EGTA, 5 HEPES, pH 7.5, where X represents the indicated \[Cl^−^\]~i~. To make solutions with a Cl^−^ concentration less than 120 mM (such as 30 or 60 mM), Na-glutamate was added to make the ionic strength similar to the 120 mM Cl^−^ solution.

Modification of the introduced cysteine was performed with MTS reagents purchased from Toronto Research Chemicals. Stock solutions of 0.1 M were prepared in water and stored at −80°C. Working solutions containing 30--300 μM of the MTS reagents were made immediately before use. The modification of the cysteine in the K519C mutant was usually completed within 30 s after the exposure of the patch to the solutions containing MTS reagents.

Data Analysis
-------------

Analysis of the single-channel recording trace was performed using a home-written program ([@bib6]; [@bib26]; [@bib24]; [@bib4]). Because single-channel conductance for some mutant channels are small (for example, K519C and K519E), all the single-channel traces were further subjected to digital filtering, leading to a final filter frequency of ∼140 Hz. Even at this filtering frequency, the signal-to-noise ratio was still not high enough to reliably resolve open-close transitions of the K519E mutant at symmetrical 120 mM \[Cl^−^\]~i~. Therefore, the recording of the K519E mutant at \[Cl^−^\]~i~ = 120 mM was not analyzed.

Single-channel current amplitudes were determined from all-points amplitude histograms, which show three distinct peaks due to the "double-barrel" nature of the channel ([@bib34]; [@bib36]; [@bib2]; [@bib32], [@bib33]; [@bib28]; [@bib24]; [@bib39]). The conductance of the channel is estimated by fitting the data points between −50 and −110 mV in the single-channel i-V plot to a straight line. To examine the internal Cl^−^ effect on the conductance and the gating parameters more closely, we converted \[Cl^−^\] into Cl^−^ activity (A~Cl^−^~ = μ\[Cl^−^\]), using the following activity coefficients (μ): 30 mM, 0.930; 60 mM, 0.867; 120 mM, 0.769; 300 mM, 0.710; 600 mM, 0.673; 1,200 mM, 0.654; 2,400 mM, 0.684 ([@bib41]).

All results are presented as mean ± SEM. Curve fitting was performed with an unweighted, least-squares method using Origin software (OriginLab Co.).

RESULTS
=======

Effects of Charges from Positions 518 and 519 on the Pore Conductance
---------------------------------------------------------------------

The regulation of the channel conductance of ClC-0 by the charge at position 519 was first shown in bilayer recordings of the purified *Torpedo* ClC-0 channels expressed in human embryonic kidney (HEK) 293 cells ([@bib33]). This side-chain charge effect can be reproduced using various manipulations on the channel expressed in *Xenopus* oocytes. One approach to alter the charge of residue 519 is via site-directed mutagenesis ([Fig. 2](#fig2){ref-type="fig"} A). Under the same recording condition, the WT channel (with lysine at position 519, K519) has the largest single-channel current, followed by K519C, a replacement by a neutral residue, and then by K519E, a mutant with a negative charge at position 519. Alternatively, the electrostatic effect can be achieved by chemical modifications of the K519C mutant with various MTS reagents ([Fig. 2](#fig2){ref-type="fig"} B). When the cysteine at position 519 is modified with 2-aminoethyl MTS (MTSEA) or 3-aminopropryl MTS (MTSPA), the side-chain of K519C is attached with a positive charge, and the single-channel current is similar to that of the WT channel. On the other hand, after the cysteine is modified with 2-sulfonatoethyl MTS (MTSES), which attaches a negatively charged group on the cysteine side chain, the current amplitude is similar to that of the K519E mutant. These results are all consistent with those shown in [@bib33].

![The charge from position 519 exerts more influence on the conductance of ClC-0 than that from position 518. All recording traces are from excised inside-out patches. (A) Recordings of WT (K519), K519C, and K519E mutants. In all experiments, \[Cl^−^\]~o~ = 120 mM, \[Cl^−^\]~i~ = 300 mM, and V~m~ = −80 mV. (B) Single-channel recordings of the K519C mutant after the introduced cysteine is modified with MTSEA, MTSPA, and MTSES. Same recording conditions as in A. (C) Effect of the charge placed at position 518 on the channel conductance. Single-channel recordings were made at −90 mV. \[Cl^−^\]~o~ = 120 mM and \[Cl^−^\]~i~ = 120 mM. For the recording of the MTSES-modified I518C, the trace was taken 110 s after the application of 300 μM MTSES to the patch. Scale bars in A apply to B.](200308844f2){#fig2}

Comparison of the sequences indicates that R451 of StClC corresponds to I518, while T452 of StClC aligns with K519 of ClC-0 ([@bib8]). To investigate the possibility that a charge at position 518 in ClC-0 may have a similar electrostatic contribution on the channel conductance, we mutate I518 of ClC-0 into cysteine and glutamate. [Fig. 2](#fig2){ref-type="fig"} C shows the single-channel recording traces of I518C, I518E, and the MTSES-modified I518C. In comparison with the conductance changes in the K519 mutants ([Fig. 2, A and B](#fig2){ref-type="fig"}), the electrostatic influence from a negative charge placed at position 518 is negligible. The crystal structure of bacterial ClC channels reveals that the side chain of T452, but not that of R451, is located deeper in the ion conduction pathway ([@bib8], [@bib9]). Thus, a charge at position 519 should exert more electrostatic influence on the pore conductance than at position 518. We therefore suggest that K519 of ClC-0 corresponds to T452, but not R451 of bacterial ClC channels.

The change in the conductance of ClC-0 affected by replacing K519 with various amino acids is mostly due to the charge rather than the size or shape of the side chain of the amino acids. Therefore, mutants such as K519C, K519Q, K519M, and K519F all have a similar channel conductance, while the conductance of K519R is close to that of the WT (K519) channel (unpublished data; also see [@bib33]). To demonstrate a pure charge effect on the channel conductance, we examined a channel in which K519 was replaced by histidine (K519H). The side-chain of histidine carries a positive charge at low pH but is neutral at a higher pH. The conductance of K519H mutant should vary according to the intracellular pH (pH~i~). [Fig. 3](#fig3){ref-type="fig"} A compares the recording traces of the K519 (WT) and the K519H channels at two pH~i~ conditions. Although the fast-gating behavior of the K519 channel is altered by pH~i~ (also see [@bib13]), the channel conductance remains the same when pH~i~ is switched between 7.5 and 5.5. For the K519H mutant, however, the conductance is smaller at pH~i~ = 7.5 (6.2 ± 0.1 pS, *n* = 9) than at pH~i~ = 5.5 (9.8 ± 0.1 pS, *n* = 3). [Fig. 3](#fig3){ref-type="fig"} B plots the single-channel current of the K519H mutant as a function of pH~i~, and curve fitting shows that the minimal current is ∼56% of the maximal current. In these experiments, the only structural difference on the side chain of residue 519 between two different pH~i~ conditions is a proton. Thus, these results are consistent with the conclusion that residue 519 influences Cl^−^ permeation primarily by an electrostatic mechanism.

![Effect of intracellular pH on the single-channel conductance of the WT (K519) or K519H channel. (A) Single-channel recording traces of K519 and K519H channels at two different pH~i~. Dotted lines are the zero-current level. The ionic conditions are as in [Fig. 2](#fig2){ref-type="fig"} A. V~m~ = −70 mV. (B) Titration of the single-channel current of the K519H channel by pH~i~. Experimental conditions are as described in A. The current values were determined between the zero-current level and the fully open level in the amplitude histogram (because of the sparsity of the middle current level at low pH~i~), therefore reflecting the sum of the current of two pores. Solid curve is drawn according to a logistic function, A~1~ + (A~2~ − A~1~)/(1 + \[H^+^\]~o~/K~a~), where K~a~ is the dissociation constant of protonation. The minimal (A~1~) and maximal (A~2~) current were 1.02 and 1.82 pA, respectively. The fitted pK*~a~* is 6.18.](200308844f3){#fig3}

Side-chain Charge Effect Is Less Prominent at High Cl^−^Concentrations
----------------------------------------------------------------------

One potential mechanism of the charge effect on the channel conductance is a simple surface charge mechanism---that is, the charge increases the conductance by raising the local concentration of permeant ions in the mouth of the pore ([@bib12]). To be consistent with such a surface-charge mechanism, however, two phenomena must be fulfilled. First, the effect of the charge on the conductance is more pronounced at low concentrations of permeant ions and is attenuated at high permeant ion concentrations. Second, the charge effect should be screened in a high ionic strength condition, for example, in the presence of high concentrations of nonpermeant ions ([@bib12]; [@bib15]). To examine these two criteria, we first recorded WT and mutant channels at various internal Cl^−^ concentrations (\[Cl^−^\]~i~). [Fig. 4](#fig4){ref-type="fig"} shows representative current traces for the K519, K519C, and K519E channels recorded at −110 mV. For all three channels, the single-channel current is increased with \[Cl^−^\]~i~, but the concentration ranges in which the current amplitude steeply rises are different among these channels. For the K519 channel, the increase occurs mostly at 120--600 mM; for K519C and K519E mutants, it occurs at all concentrations of \[Cl^−^\]~i~. Even between 1,200 and 2,400 mM, there is still a large increase in the single-channel current in these two mutant channels.

![Single-channel recordings of ClC-0 channels with various charges at position 519 in different \[Cl^−^\]~i~. For all recordings, the pipette (extracellular) solution contains 120 mM Cl^−^. \[Cl^−^\]~i~ is varied as indicated. V~m~ = −110 mV. Dotted lines represent zero-current level.](200308844f4){#fig4}

The recordings of these three channels at various \[Cl^−^\]~i~ were also examined at different voltages. The averaged single-channel i-V curves are shown in [Fig. 5](#fig5){ref-type="fig"} A. When only the inward current (outward Cl^−^ movement) is considered, the i-V curves are quite linear for all three channels, but the slopes of the curves for K519C and K519E mutants are significantly smaller than those of the WT K519 channel at any given \[Cl^−^\]~i~ ([Fig. 5](#fig5){ref-type="fig"} A). To estimate the single-channel conductance, we fit the data points from −50 to −110 mV to a straight line. [Fig. 5](#fig5){ref-type="fig"} B plots the conductance of these channels as a function of internal Cl^−^ activity. In the K519 channel, the slope conductance of the channel saturates to a value of ∼14.7 pS, and the half-saturating Cl^−^ activity is ∼59 mM. In K519C, the maximum conductance for this mutant is similar to that of the K519 channel: ∼15.7 pS. However, the Cl^−^ activity at the half-maximal conductance is significantly increased to ∼534 mM. For the K519E mutant, the four data points are not reasonably well fitted to a single Michaelis-Menten type equation. However, it is apparent that the conductance recorded at the highest concentration (2,400 mM) approaches the maximal conductance of the K519 and K519C channels. To estimate the half-saturating Cl^−^ concentration, we force the maximal conductance of the K519E mutant to be 15 pS, and the fitted half-saturating Cl^−^ activity is ∼1,444 mM.

![Dependence of ClC-0 conductance on internal Cl^−^. (A) Single-channel i-V curves of the WT, K519C, and K519E channels at various \[Cl^−^\]~i~. Data points were derived from experiments like those in [Fig. 4](#fig4){ref-type="fig"}. All current amplitudes were measured from single pores. Numbers in the plots are the internal Cl^−^ concentrations. (B) Single-channel conductance of the WT and the mutant channels as a function of intracellular Cl^−^ activity. Symbols are: squares, WT (K519); circles, K519C; triangles, K519E. Solid curves are fitted to a Michaelis-Menten equation ([Eq. 1b](#eqn2){ref-type="disp-formula"}). See [Table I](#tbl1){ref-type="table"} for the values of the fitted parameters, g~max~ and K~1/2~.](200308844f5){#fig5}

Nonpermeant Anions Cannot Screen Out the Electrostatic Effect on the Pore Conductance
-------------------------------------------------------------------------------------

The above results thus appear to be consistent with the first criterion of the general surface charge mechanism because the channels with a positive, neutral, or negative charge at position 519 all have a similar saturated conductance. To test the second criterion, we apply high concentrations of large anions such as glutamate and sulfate (SO~4~ ^2−^). The recording traces of the WT channel (in 120 mM \[Cl^−^\]~i~) in the absence or in the presence of additional SO~4~ ^2−^ ions are compared in [Fig. 6](#fig6){ref-type="fig"} A. Averaged data in [Fig. 6](#fig6){ref-type="fig"} B show that up to 480 mM of SO~4~ ^2−^ is unable to reduce the current carried by 120 mM Cl^−^ at any voltage. Similar experiments were also performed at 60 mM \[Cl^−^\]~i~, and no charge screening effect is observed ([Fig. 6](#fig6){ref-type="fig"} C). There was also no charge screening when up to 480-mM glutamate was present in the solution (unpublished data). These results thus rule out the supposition that a general surface charge mechanism is responsible for the observed electrostatic influence from K519 on the channel conductance.

![Absence of charge screening by a nonpermeant ion, SO~4~ ^2−^, on the conductance of the WT channel. (A) Single-channel recording traces of the WT channel at 120 mM symmetric \[Cl^−^\] with or without various concentrations of SO~4~ ^2−^ (sodium salt) being added to the internal solution. (B) Single-channel i-V curves from recordings like those shown in A. \[Cl^−^\]~i~ = 120 mM. (C) Single-channel i-V curves from another set of experiments. \[Cl^−^\]~i~ = 60 mM.](200308844f6){#fig6}

Functional Role of a Negatively Charged Residue E127 in Controlling the Pore Conductance
----------------------------------------------------------------------------------------

What then is the mechanism underlying the side-chain charge regulation on the pore conductance? One possibility is that this electrostatic effect could be due to an effect on the occupancy of the Cl^−^-binding site in the pore. Crystal structures of the bacterial ClC channels show that T452 of StClC is not immediately adjacent to the Cl^−^-binding sites S~cen~ and S~int~. The distances from the α carbon of T452 to the Cl^−^ ions at S~cen~ and S~int~ are ∼15 or ∼9 Å, respectively ([Fig. 1](#fig1){ref-type="fig"}). On the other hand, a negatively charged residue, E111 (corresponding to E127 of ClC-0), appears to be closer to these two binding sites than the residue T452 ([Fig. 1](#fig1){ref-type="fig"}). In addition, the negative charge on the side chain of E111 is only 4--5 Å away from the side chain of T452. If K519 of ClC-0 corresponds to T452 of the bacterial ClC channels, it is likely that the negative charge from E127 would affect the functions of K519 in controlling the pore conductance. These structural observations suggest that E127 of ClC-0 may regulate the pore conductance if the Cl^−^ occupancy in the pore is affected by the side-chain charge of the pore residues.

To explore the functional role of E127 in ClC-0, we mutate this negatively charged residue into glutamine. [Fig. 7](#fig7){ref-type="fig"} shows a comparison of the single-channel behaviors of the E127Q mutant with those of the WT channel. Surprisingly, the Cl^−^ dependence of the single-channel current ([Fig. 7](#fig7){ref-type="fig"} A) and the fast-gate *P* ~o~-V curve ([Fig. 7](#fig7){ref-type="fig"} B) of the E127Q mutant are nearly identical to those of the WT channel. However, although the E127Q mutation by itself appears to have little effect on the pore conductance of the WT channel, its functional role is revealed when double mutations at positions 127 and 519 are made. [Fig. 8](#fig8){ref-type="fig"} A shows representative single-channel traces of various mutants at position 519 in the absence and in the presence of E127Q mutation. In the presence of glutamate at position 127 (E127), the charge at position 519 exerts an electrostatic influence on the pore conductance---the replacement of K519 with a neutral or a negatively charged residue decreases the single-channel current amplitude. In the background of E127Q mutation, however, the mutants with a positive and a neutral charge at position 519 appear to have similar channel conductance. With a negative charge at position 519, the current amplitudes of the double mutants (E127Q/K519E and E127Q/K519D) are not as small as those of the K519E and K519D single-point mutants. The averaged single-channel conductance of these double mutants at various \[Cl^−^\]~i~ are compared in [Fig. 8](#fig8){ref-type="fig"} B. The fitted curves for the data obtained from the WT channel (K519) and those of the single-point mutants, K519C and K519E, are reproduced as dotted curves. In the presence of E127Q mutation, the channels with a neutral or a positively charged residue at position 519 (that is, E127Q/K519C and E127Q/K519) have a similar conductance-Cl^−^ activity curve as that of the WT channel. The curve for the E127Q/K519E double mutant, although significantly different, also approaches that of the WT channel. Like the single-point mutations at position 519, these Cl^−^ titration curves all have a similar maximal conductance at a saturated \[Cl^−^\]~i~ (see [Table I](#tbl1){ref-type="table"}) , but the apparent affinities are changed by the mutations.

![Gating and permeation properties of the E127Q mutant at the single-channel level. (A) Comparison of single-channel current between WT and the E127Q channels at various \[Cl^−^\]~i~. All recordings were with the excised inside-out configuration. The pipette solution contains 120 mM Cl^−^, and the Cl^−^ concentrations at the intracellular side are indicated on the left. (B) Voltage-dependent gating of the E127Q mutant derived from single-channel recordings. (Left) Single-channel recordings from excised inside-out patches at three voltages. Symmetrical 120 mM \[Cl^−^\]. (Right) Mean *P* ~o~-V curve of the E127Q mutant. Solid curve is the *P* ~o~-V curve of the WT channel.](200308844f7){#fig7}

![Comparison of the charge effects from position 519 on the single-channel current with or without E127Q mutation. (A) Single-channel recording traces of single (residue 519, left) and double mutants (residues 127 and 519, right) of ClC-0. All recordings were from the excised inside-out patch. \[Cl^−^\]~i~ and \[Cl^−^\]~o~ were 120 and 300 mM, respectively. V~m~ = −110 mV. (B) Conductance of double mutants at positions 127 and 519 as a function of internal Cl^−^ activity. Symbols are: squares, E127Q/K519; circles, E127Q/K519C; triangles, E127Q/K519E. Dotted curves are the same curves as those in [Fig. 5](#fig5){ref-type="fig"} B. Curve fittings to [Eq. 1b](#eqn2){ref-type="disp-formula"} for the double mutants are not shown. The fitted values for g~max~ and K~1/2~ are shown in [Table I](#tbl1){ref-type="table"}.](200308844f8){#fig8}

###### 

Maximal Pore Conductance (g~max~) and Half Saturated Internal Cl^−^ Activities (K~1/2~) of the WT Channel and Various Mutants

  Channels   g~max~   K~1/2~
  ---------- -------- --------
             pS       mM

This table reports the parameters g~max~ and K~1/2~ derived by fitting the conductance-Cl^−^ activity curves of various channels to a Michaelis-Menten type equation ([Eq. 1b](#eqn2){ref-type="disp-formula"}). In most cases, g~max~ and K~1/2~ were free parameters. For the g~max~ values indicated by \*, the number of points were not enough to give a reasonable fit to the Michaelis-Menten curve. Therefore, the value 15 pS was assigned to evaluate the other parameter K~1/2~.

Although all the above mutations involving residues 127 and 519 appear to change only the apparent affinity of the conductance-Cl^−^ activity curve, the charge mutations at the inner pore mouth can also alter the maximal pore conductance ([Fig. 9](#fig9){ref-type="fig"}) . This finding came from mutations in which a positively charged residue lysine was placed at positions 127 and 515. The E127K single-point mutant did not show functional current (more than five runs of channel expressions). However, the double mutant E127K/K519E did express. The position 515 is comparable to position 127 in that both are at an approximate equal distance from S~cen~ or from S~int~ (see [Fig. 1](#fig1){ref-type="fig"}). [Fig. 9](#fig9){ref-type="fig"} A shows the single-channel recording traces of these two mutants in comparison with those of the WT and the K519E channels at two \[Cl^−^\]~i~. The Cl^−^ titration curves of the pore conductance are shown in [Fig. 9](#fig9){ref-type="fig"} B. Both mutants have a comparable pore conductance throughout a wide range of \[Cl^−^\]~i~. At a low \[Cl^−^\]~i~, the conductance of these two mutants is greater than that of the K519E mutant, consistent with the idea that more positive charge at the inner pore mouth helps Cl^−^ flow into the pore. However, at high \[Cl^−^\]~i~, the pore conductance saturates to ∼8 pS---the charge mutations at the inner pore mouth can alter the maximal channel conductance. A positive charge in the pore probably results in a tight binding of Cl^−^, thus reducing the throughput rate of Cl^−^ across the channel pore. Because the internal Cl^−^-binding site (S~int~, in [@bib9]) is closer to residues E127 and I515 than the binding site at S~cen~, the charge effects from positions K519, E127, and I515 may come from altering the Cl^−^ binding to this internal binding site (see [discussion]{.smallcaps}).

![Effects of a positive charge at position 127 and 515 on the single-channel conductance of ClC-0. (A) Representative single-channel traces for WT (E127/K519), the single-point mutant K519E, I515K and the double mutant E127K/K519E. V~m~ = −110 mV; \[Cl^−^\]~o~ = 120 mM; \[Cl^−^\]~i~ are as indicated. (B) Comparison of the conductance-Cl^−^ activity curves of E127K/K519E (filled circles) and I515K (open squares) with those of the WT, K519C, and K519E channels (dotted curves). Solid curve is the best fit of the data points from E127K/K519E double mutant to [Eq. 1b](#eqn2){ref-type="disp-formula"}. The fitted g~max~ and K~1/2~ are 8.5 pS and 27.5 mM, respectively.](200308844f9){#fig9}

Mutations at the Cl^−^Selectivity Filter Mainly Affect the Saturated Pore Conductance
-------------------------------------------------------------------------------------

The crystal structures of the bacterial ClC channels revealed the amino acid residues that coordinate the bound Cl^−^ at the selectivity filter ([@bib8], [@bib9]). We thus also explored the functional roles of the Cl^−^ selectivity filter in the ion permeation process. To this end, the Cl^−^ titration curves of the conductance of two mutants at the selectivity filter, S123T and Y512F, were examined. The positions of these two residues correspond to those of S107 and Y445 of the bacterial ClC channels (see [Fig. 1](#fig1){ref-type="fig"} for their positions), and the oxygen atom of the side-chain hydroxyl group of these two residues coordinates the bound Cl^−^ ion ([@bib8]). These mutations are thus likely to alter the binding energy of Cl^−^ at the selectivity filter. In the literature, the S123T mutant has been known to have a small channel conductance---at physiological Cl^−^ concentrations, this mutant channel has a conductance of ∼2 pS, a value very similar to that of the K519E mutant ([@bib28]). In [Fig. 10](#fig10){ref-type="fig"} A, we compare the single-channel traces of S123T and Y512F mutants with those of the WT channel (K519) and the K519E mutant. The \[Cl^−^\]~i~ titration curves of the channel conductance are shown in [Fig. 10](#fig10){ref-type="fig"} B. At a low \[Cl^−^\]~i~, for example 300 mM, the conductance of S123T is 2 pS, a value similar to that of the K519E mutant. At a high \[Cl^−^\]~i~, however, the conductance of S123T remains small (2.5 pS at 2,400 mM), whereas that of the K519E mutant is increased to 9 pS at the same \[Cl^−^\]~i~. These results thus indicate that the cause of reduced conductance by K519E and S123T mutations is different in each case because the small conductance of K519E can be increased by high \[Cl^−^\]~i~, while the conductance of S123T remains small at saturated \[Cl^−^\]~i~. For the Y512F mutant, the channel conductance is already larger than that of the WT channel at low \[Cl^−^\]~i~. When \[Cl^−^\]~i~ is increased, its value saturates to ∼21 pS, ∼30% higher than that of the WT channel. However, the change in the apparent Cl^−^ affinity in this mutant is very small in comparison to those of the K519C and K519E mutants. These results thus suggest that the regulations of channel conductance by mutations at the selectivity filter and at the inner pore mouth are different. The charges of E127 and K519 might determine the occupancy of Cl^−^ at the internal Cl^−^-binding site. On the other hand, the mutations S123T and Y512F probably change the Cl^−^ exit rate from the selectivity filter, thus altering the saturated Cl^−^ conductance.

![Conductance determinants along the pore of ClC-0. (A) Single-channel recording traces of the S123T and Y512F mutants at two \[Cl^−^\]~i~. For comparisons, the traces for the WT and K519E channels are also shown. All recording traces were taken at −110 mV. \[Cl^−^\]~o~ = 120 mM. (B) Conductance-Cl^−^ activity curves of the S123T and Y512F mutants. Data points were fitted to [Eq. 1b](#eqn2){ref-type="disp-formula"}, with g~max~ and K~1/2~ values shown in [Table I](#tbl1){ref-type="table"}. Dotted curves are those of WT, K519C, and K519E channels.](200308844f10){#fig10}

DISCUSSION
==========

Regulation of pore conductance by fixed charges near the pore region has been shown in many ion channels. Altering the charge of the lipid used in the bilayer recording experiments can change the conductance of the channels ([@bib3]). The manipulations of the fixed charge on the channel protein by chemical modifications or site-directed mutagenesis also affect the ion permeation ([@bib17], [@bib16]; [@bib29]; [@bib30]; [@bib38]; [@bib23]; [@bib33]). In most cases, a fixed negative charge increased the cation conductance, whereas a positive charge increased the anion conductance. In the extreme examples, the ion selectivity of a channel can be reversed from cationic to anionic, or vice versa, with mutations of a limited number of key residues ([@bib11]; [@bib22]). In all these preceding examples, the underlying mechanism can be a simple surface charge mechanism or a more complicated regulation of the occupancy of permeant ions in the pore. In ClC-0, the conductance regulations by charged residues at the inner pore mouth are more consistent with the latter mechanism, because the effect cannot be screened out by high concentrations of nonpermeant ions ([Fig. 6](#fig6){ref-type="fig"}).

The mechanisms for controlling the conductance of ion channels ultimately come from the interaction between the permeant ion and the pore-lining amino acid residues. The pore allows the permeation of ions with a diameter smaller than that of the pore, and thus serves as a molecular sieve. The electrostatic force or the dipole arrangement from the protein molecule can help stabilize the charged ion in the middle of the lipid bilayer ([@bib7]; [@bib8], [@bib9]). In ClC channels, the Cl^−^ permeation mechanism is not as well understood as those in the voltage-gated cation channels. Although mutations of several amino acid residues were shown to alter the permeability ratios or to change the single-channel current amplitude in a variety of ClC channels ([@bib28], [@bib27]; [@bib10]; [@bib24]), the underlying mechanisms of these mutational effects were unclear. The present study for the first time reveals functionally that there are separate determinants in the ion permeation pathway of ClC-0 that can control the pore conductance. This conclusion is best illustrated by the effects of raising \[Cl^−^\]~i~ on the conductance of K519E and S123T mutants. Although these two mutations reduce the WT channel conductance to a similar level at physiological Cl^−^ concentrations, the underlying mechanisms for the decrease in conductance in these two mutants are different because an elevation of \[Cl^−^\]~i~ can increase the conductance of the mutant K519E but not that of S123T. The observation that most of the mutations at the inner pore mouth affect the apparent K~1/2~ of the conductance concentration curve, while those mutations at the selectivity filter alter the maximal channel conductance, also suggests at least two different conductance determinants in the ClC-0 pore.

The meaning of the separate conductance determinants is revealed from the most recent crystal structure of the *E. coli* ClC channel solved to 2.5-Å resolution ([@bib9]), in which multiple Cl^−^-binding sites in the pore were identified . We adopt this new structural model for ClC channels, and propose that the above separate conductance determinants may represent two ion-binding sites in the pore of ClC-0. In its simplest form, a single-ion occupied pore, the two-site model is represented by the following scheme:

where Ch, Cl~in~, and Cl~out~ represent channel pore, internal Cl^−^, and external Cl^−^, respectively. The model distinguishes two ion binding sites represented by Ch•Cl and Ch\*•Cl. The constants, k~1~, k~−1~, k~2~, and k~3~ are microscopic rates associated with each kinetic step. Since our recordings examine the outward Cl^−^ movement (inward current), the ion permeation process is initiated by the binding of an internal Cl^−^ (Cl~in~) to the internal site Ch•Cl followed by the movement of the Cl^−^ from this internal site to Ch\*•Cl, and finally the exiting of the bound Cl^−^ from Ch\*•Cl to external solution (Cl~out~). This two-site model thus predicts that at a steady-state the current (i) and the derived pore conductance (g) are related to the internal Cl^−^ activity (A~Cl~) with a Michaelis-Menten equation: $$\documentclass[10pt]{article}
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We assume that the leaving of the bound Cl^−^ from the site represented by Ch\*•Cl is the rate-limiting step of the entire ion permeation process in the saturated Cl^−^ concentration. On the other hand, since g~max~ as well as K~1/2~ can be altered by the charge mutations surrounding the site Ch•Cl, we suggest k~1~, k~−1~, or k~2~ can be changed by these mutations. Consequently, mutations that affect the binding of Cl^−^ to the internal site could either change the Cl^−^ apparent affinity, the saturated pore conductance, or both. Without multiple ion-binding sites in the pore, it is difficult to explain all the results in this study. In a single-site model, for example, it would be impossible to alter the rate-limiting step without significantly changing the apparent Cl^−^ affinity. Thus, the functional data support the presence of multiple Cl^−^-binding sites in the pore of ClC-0.

By comparing the functional results from ClC-0 with the crystal structure of bacterial ClC channels, it is tempting to suggest that the sites represented by Ch•Cl and Ch\*•Cl in the above functional model could correspond, respectively, to the S~int~ and S~cen~ sites in the bacterial ClC channels. If this is the case, the negative charge of E127 is ∼6--7 Å away from S~int~, and should influence the Cl^−^ binding to this internal site. However, its negativity is likely to be reduced by the positive charge from K519 because the side chains of these residues are only 4--5 Å apart. One can imagine that when the positive charge from K519 is removed, the electrostatic field surrounding E127 may become more negative, and this could reduce k~1~ and/or increase k~−1~ and k~2~. However, the maximal channel conductance is still controlled by k~3~ because it is the rate-limiting step. When a positive charge is placed at position 127 or 515 (such as E127K and I515K), the binding of Cl^−^ at S~int~ is very tight. This may reduce the rate of k~2~ significantly to a value that is comparable to, or even smaller than, k~3~, and therefore the saturated conductance of these mutants is reduced. When the mutations at the selectivity filter (such as S123T and Y512F) are made, the most prominent change is on the saturated channel conductance because the rate-limiting step of ion permeation is altered.

The unequal contribution of the side-chain charge from residue E127 and K519 is also plausible because the former is closer to the position of S~int~. Thus, E127 plays a more critical role in affecting channel conductance. Although the charges from these two residues most likely combine to control the Cl^−^ occupancy at the site of S~int~, their functional roles may not be the same. We envision a "pull and push" mechanism, in which the positive charge of K519 contributes more to pull Cl^−^ into the pore while the negative charge on E127 is more important to repel Cl^−^ so that the translocation of Cl^−^ from S~int~ to S~cen~ proceeds more easily. Such an arrangement may solve the paradox created by the presence of charged residues in the ion permeation pathway. The unequal electrostatic contributions from E127 and K519, however, are less prominent in selecting charged MTS compounds applied to the intracellular side of these two residues ([@bib25]).

Thus, the implication of the functional results obtained in ClC-0 is surprisingly consistent with the structure of the bacterial ClC channel, even though the *Torpedo* channel and the bacterial channel share only ∼20% overall sequence identity. The conductance determinants presented in this study may correspond to the ion-binding sites S~int~ and S~cen~ in the bacterial ClC channel pore ([@bib9]). Is there a third Cl^−^-binding site like the S~ext~ site of the bacterial ClC channel? This external binding site is positioned at the location of the negative charge of E148 in the bacterial ClC channel, which corresponds to E166 of ClC-0. The negatively charged side chain of this glutamate occludes the channel pore, and thus could serve as the gate for the channel ([@bib8]). It was demonstrated that a permeant ion is located at this position when this negatively charged side chain is removed by mutagenesis ([@bib9]). The present study does not provide evidence that specifically address the functional role of S~ext~ in ClC-0 pore conductance. We speculate, however, that if this external Cl^−^-binding site exists in ClC-0 pore, it may have a lower intrinsic Cl^−^-binding affinity than that of the S~cen~ site because Cl^−^ needs to compete with the negative charge on the E166 side-chain for this site. Such a three-binding-site model with a rate-limiting step at the selectivity filter would still generate similar overall behaviors in the ion flux across the pore as discussed above.

The above discussions and Eqs. 1--[3](#eqn4){ref-type="disp-formula"} are all based on the one-ion occupancy model because the single-channel conductance-Cl^−^ activity curve appears to be a simple saturation curve as if there is only one ion in the pore ([@bib1]). Previous functional studies of the ClC-0 conductance at the single-channel level also came to the same conclusion---the ion conduction process of ClC-0 is consistent with a single-ion Eyring model in which the ion traverses multiple kinetic barriers as it permeates the pore ([@bib42]). As crystal structures of the bacterial channel reveal three ions bound in the pore of the bacterial ClC channels, it is unclear if this is a true difference between *Torpedo* and bacterial channels. But more likely, the apparent properties of one-ion occupancy in ClC-0 may result from inadequate functional studies in this *Torpedo* channel so that the multiple-ion nature of the pore is not revealed. Thus, the model presented above should be considered as only tentative. It would await more precise functional measurements and direct structural studies of ClC-0 to fully address its ion permeation mechanism.

Finally, the possible competition of the Cl^−^ occupancy with the negatively charged E166 side chain at the site S~ext~ is interesting since this might be responsible for the "gating-permeation coupling" in ClC-0 ([@bib40]; [@bib6]). Because of the intimate relation of the ClC-0 gating with permeant ions, mutations that affect Cl^−^ permeation are likely to alter the channel gating as well. Indeed, by examining the single-channel recording traces of the mutants presented in this work, it is apparent that the fast gating of the channel is also changed. For example, at the same \[Cl^−^\]~i~, the average duration of the open events of the K519E and K519C appears to be longer than that of the WT channel ([Fig. 4](#fig4){ref-type="fig"}). At the same time, increasing \[Cl^−^\]~i~ also prolongs the duration of the open events ([Fig. 4](#fig4){ref-type="fig"}). We are in the process of analyzing the fast-gating parameters in these mutants to explore the Cl^−^ regulation and the side-chain charge effects on the fast gating of ClC-0.
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